DNA polymerase activity from Escherichia coli can be demonstrated in various sized molecules ranging in molecular weight from about 10,000 to 120,000 or higher. The characterization of the smaller species is difficult because of their pronounced tendency toward aggregation; the smallest apparently aggregates most readily. The results indicate the following molecular weight classes: 10,000-20,000; 40,000-50,000; 75,00085,000, and 100,000-120,000. The same classes were obtained with several methods of analysis of material that had been purified in a number of ways, one of which is a new DNAacrylamide gel chromatographic procedure. The The problem of the enzyme(s) involved in in vivo DNA replication has proved to be much more complex than had been originally imagined. Research in this area has gone through a complete cycle having proceeded from crude polymerase to a virtually homogeneous protein, thence back to a crude but "native" enzyme, i.e. membrane-bound polymerase. This large effort has provided no unambiguous insight into the mechanism of in vivo DNA replication except to suggest that it will be difficult, if not impossible, to isolate the synthesizing apparatus. We have continued our studies on the isolation and characterization of the smaller-sized polymerase molecules; we assume that they may be components of the in vivo system.
The problem of the enzyme(s) involved in in vivo DNA replication has proved to be much more complex than had been originally imagined. Research in this area has gone through a complete cycle having proceeded from crude polymerase to a virtually homogeneous protein, thence back to a crude but "native" enzyme, i.e. membrane-bound polymerase. This large effort has provided no unambiguous insight into the mechanism of in vivo DNA replication except to suggest that it will be difficult, if not impossible, to isolate the synthesizing apparatus. We have continued our studies on the isolation and characterization of the smaller-sized polymerase molecules; we assume that they may be components of the in vivo system.
Isolation of DNA polymerase from Escherichia coli by a number of procedures has consistently yielded several fractions differing in molecular weight, all of which possess activity characteristic of the usual in vitro reaction (1, 2). Similar findings have been reported by Lezius et al. (3) ; Hori et al. (4) have reported results with Alcaligines fecalis DNA polymerase which suggest that there is more than one active form of the enzyme. We have been able to demonstrate activity in discrete fractions in the ranges 10,000-20 000, 40,000-50,000, 75,000-85,000, and 100,000-120,000. The lower molecular weight species have a distinct tendency to aggregate, a fact which renders their isolation and characterization very difficult. The cogent point is that all these species carry out the 200 same general function in vitro, i.e. the incorporation of all four deoxynucleoside-5'-triphosphates into large polynucleotides, using a DNA template (1); whether the detailed mechanism is the same for all species is not known, nor is it clear whether or not all these species are artifacts of isolation. We suspect that our material of 100,000-120,000 weight corresponds to the Kornberg polymerase; perhaps in his procedure the smaller species are eliminated. We use the term DNA polymerase to mean all of the observed activities.
Previously, we described the isolation of DNA polymerase using two procedures: Sephadex gel filtration and acrylamide gel electrophoresis (1). Both methods yielded several active polymerase species. In the present report, we describe two additional procedures and present a more complete characterization of the various active polymerase molecules.
METHODS
DNA polymerase activity was assayed in a standard assay mixture containing 3 ,ug of native calf thymus DNA, 4.5 nmol each of the 4 deoxynucleoside-5'-triphosphates, and 1. The crude polymerase applied to the DEAE-cellulose column was the nucleic acid-protein complex 2 (6), described earlier (1). Details of the purification procedure are given in the legend for Fig. 4 . In the experiment with the proteolytic inhibitor, phenylmethyl sulfonylfluoride, it was present at a concentration of 0.56 mM in all steps from the beginning of the isolation to the end. Purified polymerase was studied by sucrose density gradient sedimentation, Sephadex G-100 gel filtration, and acrylamide gel electrophoresis.
RESULTS

Purification by DNA-acrylamide gel chromatography
Only proteins that specifically bind to DNA adhere to the DNA in the gel (5). One passage of crude DNA polymerase through the column increased the specific activity about 200-fold, to a value of 2000 nmol of nucleotides incorporated per mg of protein in our standard assay. Despite the fact that the enzyme was eluted in a single peak, this material showed several molecular weight species when analyzed by: 1) sucrose density gradient sedimentation, 2) Sephadex G-100 filtration, and 3) acrylamide gel electrophoresis. Before these analyses were performed, the pooled fractions were concentrated by pressure dialysis to 0.2 mg of protein/ml. Sucrose density gradient sedimentation Fig. 1 shows a typical profile of polymerase activity along the centrifuge tube. Discrete peaks occur at S values of 4.5 and 5.2; a definite shoulder occurs at 6.3 S. This pattern was reproducible, but the absolute values varied by about 4-0.3 S. Molecular weights were estimated using proteins of known molecular weights as markers. The peaks correspond to molecular weights of 82,000 and 105,000; the shoulder to 151,000. In the analytical ultracentrifuge, one broad boundary was observed corresponding to 4.6 S, together with a small amount of a much faster sedimenting material. These results corroborate those of the sucrose sedimentation and, furthermore, indicate that the molecular weight observed in the analytical ultracentrifuge corresponds to that of the active enzyme. Sephadex G-100 filtration When the same preparation was put through a gel filtration column, a greater resolution of the active species was obtained (Fig. 2) . Two distinct peaks are obtained at molecular weights (estimated from the elution volume) of about 71,000 and 110,000; these probably correspond to the 82,000 and 105,000 obtained from sedimentation. In addition, there are three definite shoulders at molecular weights of approximately 45,000, 28,000, and 17,000. Since the activity is substantial in the region of the shoulders, it should have been observed in the sucrose gradient between tubes 8-16. While there is an indication of activity in those tubes, it is much less than anticipated from the Sephadex results. Since the recovery of activity is quantitative in both cases, we suspect that Sephadex chromatography shifts the equilibria between small and large molecules toward dissociation. In addition, there may be a simple concentration effect since the concentration was somewhat higher in the sucrose gradient. There were no apparent differences in substrate and template requirements among the various fractions. All require the four deoxynucleoside-5'-triphosphates and the products have the same base analysis, i.e. that of the template; all prefer native to denatured DNA as the template. Evidently, simple end-addition to the template does not take place. The one real difference is the specific activity: lower molecular weight species have a lower specific activity.
Acrylamide gel electrophoresis
An aliquot of the same preparation was also analyzed by gel electrophoresis. After the electrophoretic run, a slice of gel was bathed in dATP and TTP to allow the unprimed synthesis of the copolymer poly(dAT) to occur wherever DNA polymerase was present in the gel. The copolymer synthesized in the gel was then visualized by staining it with methyl green, which reacts only with double-helical DNA to yield a characteristic blue-green color (7). Densitometer tracings of two gel strips are shown in Fig. 3 ; four peaks can be seen in the sample under discussion (unbroken curve). We have no direct measurement of the molecular weights, but by comparison of the electrophoresis patterns with the sucrose gradient profiles of a number of DNA polymerase samples that had different proportions of the various species, we estimate these weights to be about 150,000, 100,)00, 75,000, and 50,000 in the order of increasing mobility; this assumes that they have a similar charge and shape. The dotted curve in Fig. 3 is taken from another experiment, using the crude polymerase preparation without purification on the DNA-gel column. In this case, material with a molecular weight in the middle-range was predominant; we estimate these molecular weights at about 20,000 and 100,000. The amount of protein in all these bands was too low to be detected by staining with Coomassie Blue. The protein could be detected when higher concentrations were applied to the gel, but then the polymerase aggregated and only one band of poly(dAT) was obtained.
Exonucleolytic and endonucleolytic activities Fig. 2 shows the exonucleolytic activity of the various polymerase fractions using native and denatured DNA as substrates. It is very significant that polymerase activity exists below a molecular weight of about 20,000 without any exonucleolytic activity. There are other cases (8, 9) where polymerase activity was found with little or no exonuclease activity.
Endonucleolytic activity was determined by measuring the change in relative viscosity of calf-thymus DNA (0.15 mg/ml, 0.05 M Tris (pH 7.8)-0.01 M MgCl2) in an Ostwald viscometer, using 50 ul of fractions 10, 14, 20, and 25 from the Sephadex G-100 column (Fig. 2) . There was very little activity except for fraction 14, where the relative viscosity decreased from an initial value of 1.32 to 1.18 after 20 min.
Purification by DEAE-cellulose chromatography
We used a DNA-RNA-protein complex (1) as the source of DNA polymerase. This material is a high-speed pellet obtained from a crude cell extract that has not undergone any other manipulation; our intention was to minimize artifacts of isolation. On elution of this material from the DEAE-cellulose column, four peaks of polymerase activity appeared (Fig. 4) ; the shoulders were not always reproducible. Each of the peaks was analyzed by sucrose density gradient sedimentation and Sephadex G-200 gel filtration. Typical results for the sedimentation analysis of peak I are shown in Fig. 5 . There are discrete peaks of activity at S values of 1.5, 3.1, 4.5, and 5.4 and higher, corresponding to calculated molecular weights of 9,000, 35,000, 80,000, and 107,000. On aging, the pattern changes, invariably leading to a disappearance of the smaller species, presumably by aggregation (Fig. 5) .
When the fractions from DEAE-peak I were pooled and precipitated with ammonium sulfate, and the precipitate dissolved and applied to a Sephadex G-200 column, elution showed two major activity peaks: one near the excluded volume (about 250,000 molecular weight) the other at a position corresponding to a molecular weight of about 20,000. Evidently, the higher molecular weight polymerase is an aggregate caused by precipitation and/or the high concentration (12 mg/ml) at which the sample was applied to the celloe whic had30e 40 iibae wit 60fe 70 (2010 potassium phosphate, pH 7.2-20 mM magnesium acetate-0.5 mM EDTA-2 mM mercaptoe-thanol). The column was washed with 150 ml of the same buffer, then eluted with a linear gradient of KCl (0-0.6 M) in buffer P; the flow rate was 50 ml/hr; total volume, 800 ml. Fractions of 8 ml were collected. 0.1-ml portions of these were assayed for polymerase activity by the standard procedure. Recovery of total activity from the column was about 40%.
Proc. Nat. Acad. Sci. USA column. That aggregation in fact had occurred was shown by resubmitting the high molecular weight material to sucrose density sedimentation analysis, where the protein concentration was lower. Most of the activity appeared at a lower S value (4.5 S, molecular weight 80,000), undoubtedly because dissociation had occurred at the lower concentration (about 0.05 mg/ml). When the five fractions from DEAE-peak II (Fig. 4) were pooled and precipitated, the elution from Sephadex G-200 again showed two major peaks: one at the exclusion limit and one at about 20,000, just as in the case of peak I. When the enzyme in the excluded peak was subjected to sucrose density sedimentation, the bulk of the activity appeared in a peak of 4.5 S, indicating again that disaggregation had occurred. DEAE-fractions III and IV behaved similarly after this procedure. We are attempting to learn the exact nature of the aggregation brought about by concentration because of the possible relevance to its in vivo role.
The results for the sucrose density gradient sedimentation of DEAE-peak II (without precipitation) are shown in Fig. 6 . There are peaks at S values of 3.3 (MW 40,000) and 4.5, similar to those obtained for peak I; however, there is no activity at lower S values for peak II. Aging again apparently results in aggregation; the fraction at 3.3 S disappears, with a concomitant increase in activity at higher S values.
DISCUSSION
Are small polymerase molecules biologically significant? It is of obvious importance to try to learn whether or not the very small polymerase molecules we observe, or, in fact, any of the polymerase molecules that have been studied, are artifacts of isolation (10, 11) . It is for this reason that we have used four different procedures for purifying polymerase activity. The starting material for these purifications was the same DNA-RNA-protein complex and it can be argued that degradation had already occurred in the first step, namely, cell lysis and centrifugation at 40C. To examine this possibility, we have carried out an entire preparation in the presence of an inhibitor of proteolytic enzymes, phenylmethyl sulfonylfluoride. With minor differences, the DEAE-cellulose and sucrose gradient results were unaltered, i.e. a significant proportion of polymerase activity was present in small molecules. These results do not exclude the possibility of proteolysis, but they help diminish it. Furthermore, Lezius et 0.1 ml of fresh DEAE-peak I (tube number 36) was layered on the gradient; recovery of activity, 40%. 0.2 ml of the same DEAEpeak I fraction, aged at 4VC for 8 days, was used; recovery of activity, 60%. (Fig. 4) (12) and Klenow et al. (13) have been able to deliberately produce active polymerase fragments of 76,000 molecular weight by proteolysis of the 109,000 molecular weight species in vitro is interesting, but, of course, does not prove that proteolysis does, in fact, occur during isolation, or that our still smaller active species are proteolytic products.
We regard our gel electrophoresis results as particularly significant because polymerase activity was measured in situ, without any subsequent manipulation, and the protein concentration was extremely low (less than 1 /ug per band). The polynucleotide product was demonstrated to be helical, and at least four distinct polymerase species, including one with a a molecular weight in the vicinity of 20,000, were capable of producing this type of product. Since the polymerase species have different mobilities, they must differ in size, shape, charge, or any combination of these. We can infer, however, that the same active site probably exists in each species since they all catalyze the same reaction. Since there was no template present in the reaction mixture, no template-mediated aggregation could occur. Aggregation of the small molecule could occur in the gel by simple diffusion, but at the very low protein concentration present in the band, this seems unlikely.
It is also interesting to note that polymerase activity can exist without associated exonuclease activity. Perhaps the various activities reside in separate subunits of a complex that is formed at the site of reaction in vivo, wherever synthetic and degradative processes are both required-in DNA repair, for example.
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